Essential nutrient content • Grazing stress • Phaeodactylum tricornutum • Marine phytoplankton • RNA sequencing • Transcriptome.
Introduction
Marine phytoplankton contribute nearly half the global primary productivity [1] , and among them, diatoms provide the most important basis of marine food webs, nourishing growth period [34] . Eventually, a complex chemical composition was generated in the water surrounding phytoplankton cells, which spread the information of algal cell nutrient content, resulting food quality, and edibility versus toxiticity to copepods [35] .
The diatom cell itself is able to respond to stimuli from the environment, such as fluid movement [36] , osmotic pressure [11] and nutrient limitation [37] . Research indicates that diatoms detect and respond to physio-chemical changes in their environment using sophisticated perception systems based on changes in calcium concentration [11] . Besides detection of physical and chemical signals, diatoms can also perceive other friendly or hostile organisms in their surroundings [38] . Interestingly, marine diatoms can control population size of their zooplankton grazer by impairing their recruitment [39] . Work by Miralto and colleagues [14] showed that a diatom synthesized a special aldehyde molecule that can impair the hatching success of eggs [40] , and the diatom's mitosis [41] . Therefore, such aldehydes may serve a signalling role by controlling the population size of diatoms in addition to providing a grazing defence mechanism, or a signal to terminate the outbreak of diatoms, which is quite different from the view that deems the recession of diatom reproduction is caused by nutritional deficiencies [42] .
Through the assessment of genomic secrets of P. tricornutum [10] , a series of transcriptomic research revealed unique transcriptomic signals generated by this successful diatom as a response to different individual environmental stressors -contaminants (copper, cadmium, etc), crude oil, ammonia and salinity changes [43] . Transcriptomic responses of P. tricornutum to nutrient-deprivation and lipid-accumulation indicated different carbonconcentrating mechanisms dependent upon exogenous DIC (dissolved inorganic carbon) levels [9] , the importance of build-up precursors to the acetyl-CoA carboxylases in TAG (triacylglyceride) synthesis [9] , and remodeling of intermediate metabolism (tricarboxylic acid and the urea cycles) [44] . The profile-based transcriptomic responses of P. tricornutum to phosphate availability suggested that the diatom-specific cyclins were predominantly expressed at the G1-to-S transition, hinting connection between cell division and environmental stimuli [45] . Genetic transposable elements suggested that small Heat Shock Proteins (sHSP) and Surcouf might be partly co-regulated and explained the over expression of Surcouf (retrotransposons) at high temperature [46] . As indicated above, transcriptomic level responses to many environmental stressors have been studied to-date in P. tricornutum, but these have not included the impacts of grazing activities, which hence will provide further understanding of P. tricornutum adaptation and responses to environmental stresses.
Grazing stress responses in the diatom P. tricornutum. Signal transmission between diatoms and their grazers is effective and complex. Yet, the body of research lacks studies focusing on the comprehensive responses of a diatom to a grazer. Therefore, we conducted an experimental study on the morphological, nutritional and transcriptomic responses of P. tricornutum to copepod grazing pressure to map regulatory components in the transcriptional rewiring of P. tricornutum metabolism under grazing stress.
Materials and Methods

Phaedactylum tricornutum Strains and Culture Conditions
Five strains of P. tricornutum (CCAP 1055/1, CCAP 632, CCAP 2557, CCAP 2558, CCAP 2560) were provided by Génomique, Environnementale et Evolutive Section 3 CNRS UMR8197, Institut de Biologie de l'ENS (IBENS). One strain of P. tricornutum (MACC B228) was provided by the Key Laboratory of Mariculture of Chinese Ministry of Education, Ocean University of China. The culture medium was prepared with sterile-filtered natural seawater from the North Sea (Minisart High-Flow 0.1μm syringe filter; Sartorius Stedim Biotech GmbH, Goettingen, Germany), and enrichment nutrient solutions (macronutrients and micronutrients) based on a modified Provasoli medium [47, 48] . P. tricornutum cells were grown at 18°C in a temperature-controlled room. The light intensity was constant at 100 μmol photons·m -2 ·s -1 in a light:dark cycle of 12:12 h with 2 hours sunrise and 2 hours sunset phase simulations via irradiance profiles.
Experimental Set-up
To generate grazing effect, over 2000 individuals of Acartia tonsa in 25 L seawater were fed with 1×10 7 P. tricornutum cells per day. Acartia was cultured in two nested buckets, with the bottom of the inner one replaced by a sieve with mesh size of 100 μm. Seawater was changed every day in the outer bucket with the faeces and eggs of Acartia removed. The culture medium of Acartia was filtered with a 0.1 μm syringe filter into P. tricornutum grazing treatment replicates, while the same amount of sterile-filtered seawater (for culturing Acartia) with the same ratio of the pure medium (for culturing P. tricornutum) was added to the control groups.
Batch culture experiments were performed for each P. tricornutum strain under two treatments (control vs grazing). Each strain of P. tricornutum was cultured in 150 ml culture medium. An extra 9 L culture of the two treatment groups repsectively was set up for strain CCAP 1055/1 in order to extract enough RNA for RNA sequencing (RNA-seq). Each treatment consisted of three replicates. The asymptote of the cell number changes was estimated from a previous study [49] . Once the early stationary phase was reached, the culture was harvested for further analysis.
Phaeodactylum in the grazing treatments thus only received Acartia-water, to enable a design that triggered responses to chemical cues of grazing pressure, without selection within the P. tricornutum strain by grazing selectivity.
Morphological Analysis
For morphological analysis, P. tricornutum cultures were sampled every two days for cell abundance counts and biovolume determination until the cultures reached an early stationary phase. Cell numbers were counted employing a Neubauer-Improved counting chamber (Paul Marienfeld Gmbh&co.KG, LaudaKönigshofen, Germany). The biovolume was determined by measuring three dimensional size of 20 cells in each replicate and calculating volume from assumed geometric cell shape as described in [50] . All morphological assessment was conducted specifically by morphotype [51] , distinguishing between fusiform, oval, and triradiate morphotypes of P. tricornutum cells.
Nutritional Analysis
For chemical analysis, 1 mL algal culture was harvested at the early stationary phase by filtration on pre-combusted Whatman GF/F filters (Whatman GmbH, Dassel, Germany). After filtration, samples for elemental analysis were immediately dried, and samples for FA analysis were frozen at -80°C. Measurements of POC (particulate organic carbon) and PON (particulate organic nitrogen) were conducted as described in Sharp [52] by gas-chromatography in an organic elemental analyzer (Thermo Flash 2000; Thermo Fisher Scientific Inc., Schwerte, Germany). FAs were measured as fatty acid methyl esters (FAMEs) using a gaschromatograph (Trace GC-Ultra; Thermo Fisher Scientific Inc.) according to the procedure detailed in Arndt and Sommer [53] .
RNA-sequencing
For 9 L culture of strain CCAP 1055/1, cells from three biological replicates were collected at the exponential growth phase by centrifugation. The total RNA was extracted with RNeasy® Plant Mini Kit (QIAGEN, Hilden, Germany). RNA-Seq library protocol was used to construct P. tricornutum RNA-Seq libraries. For each of the six RNA samples, one single RNA-Seq library was constructed. Total RNA (5 μg) was depleted of rRNA with the Ribo-Zero™ rRNA Removal Kits (Plant Leaf) (Epicentre® (an Illumina company), Madison, USA). Short fragments were purified and resolved with EB buffer (10 mM Tris-Cl, pH 8.5) for end reparation and single nucleotide adenine addition. After that, short fragments were connected with adapters. After agarose gel electrophoresis, suitable fragments were selected for PCR amplification as templates. During the QC steps, Agilent 2100 Bioanaylzer and ABI StepOnePlus Real-Time PCR system were employed for quantification and qualification of the sample library. Then, a Trueseq 160 bp shortinsert library was constructed, and submitted to Illumina HiSeq2500 sequencing platform at BGI-Tech (HongKong) CO., LIMITED (Hong Kong, China).
For RNA-seq data analysis, raw reads were subjected to quality control (QC) for filtering. Reads, with adaptors, in which unknown bases contributed more than 10 %, and which were of low quality (defined by a percentage of low quality bases > 50 % in a read; and with a sequencing quality no more than 10) were removed with Cutadapt [54] . Clean reads were mapped to Ensembl reference genome assembly [57] . The significantly differentially expressed genes (DEGs) were determined with a modified method based on a poisson distribution. The probability of gene A expressed equally between two samples can be calculated with:
, The total clean tag number of the sample 1 is N1, and total clean tag number of sample 2 is N2; gene A holds x tags in sample 1 and y tags in sample 2. The expression of DEGs was log2-transformed and visualized using the R heatmap.2 function in package qplots [58] with hierarchical cluster analysis. The Gene Ontology (GO) enrichment analysis was performed on Blast2Go [59] . KEGG pathway enrichment analysis was carried out with KOBAS 2.0 (KEGG Orthology Based Annotation System) [60] .
Statistics
Cell abundance data was fitted with SSgompertz models to show the length of lag phase λ, the maximum growth rate μ and the maximum cell growth A. Mixed ANOVA with different covariance structure models was carried out on the cell numbers and biovolumes on each day in each treatment to determine the significance level of difference between treatment groups. Permutational MANOVA (Permutational Multivariate Analysis of Variance Using Distance Matrices) [61] was implemented on the overall fatty acid content per cell between the two groups of treatment (control and grazing group) for all strains. One way ANOVA was applied to test the differences of C/N ratios between treatment groups. To test the differences in contents of each fatty acid between treatment groups, a Kruskal-Wallis rank sum test was carried out separately for all strains. Linear discriminant analysis (LDA) was practiced to depict comprehensive relationships between fatty acid contents, and biochemical responses to grazing for all tested P. tricornutum strains. All statistics were carried out in R [62] , at a significance level of α = 0.05. (Fig. 1, Table 1 ). Oval cells in 9 L sets and triradiate cells in 150 mL sets of strain CCAP 1055/1 accounted for a small part of the overall morphotype numbers, and those cells within the grazing group did not show significant interaction between time and treatment compared to the control group (Table 1) . Tri-radiate cells in 9 L sets of strain CCAP 1055/1 exhibited an increase in the grazing treatments compared against the control group, and the interaction between time and treatment was significant (Table 1 ). In total cell numbers, both sets of strain CCAP 1055/1 showed significant interactions between time and treatment (Table 1) , and both sets displayed an increase in cell numbers in the grazing treatments compared against the respective control groups.
Results
Effects of
CCAP 632 cultures of the grazing treatments significantly increased compared against the control group over time on cell numbers of the fusiform morphotype (Fig. 1, Table 1 ). Oval and total cell numbers of CCAP 632 did not show any significantly different increase between two treatment groups ( Fig. 1, Table 1 ), while tri-radiate cells were not traceable in the cultures.
CCAP 2557, CCAP 2558 and CCAP 2560 cultures did not display significant differences between control and grazing groups for any morphotype. In contrast to CCAP 1055/1 or CCAP 632 cultures, MACC B228 exhibited a unique pattern -abundances of oval cells in the control group increased significantly more over time compared to grazing treatments (Fig.  1, Table 1 ). However, in MACC B228, fusiform cells and total cell numbers did not respond to the simulated grazing pressure, with no significant difference between the two treatment groups found.
Cellular biovolume of the six P. tricornutum strains was measured to depict another morphological response parameter to grazing (Fig. 2) . Mixed ANOVA expounded the strains behaved broadly complementarily in biovolume versus cell abundance responses, showing on average smaller cells at higher abundances, but no obvious morphotype-specific changes could be statistically corroborated.
As for morphotype-specific culture growth curves over time (depicting changes in cell abundances), biovolumes differed significantly along the within-subject time among all detectable morphotypes of P. tricornutum strains. However, considering interactions between time and treatment, for most strains the biovolumes of different morphotypes exhibited significant responses, which differed from those detected in cell abundance. 
Effects of grazer presence on C:N ratio and on fatty acid composition in P. tricornutum
One-way ANOVA indicated there was no significant difference between grazing groups and control groups in C:N ratio except CCAP 1055/1 in 150 mL culture [F (1, 4) = 11.945, P = 0.02591] (Fig. 3) .
Permutational MANOVA (Permutational Multivariate Analysis of Variance Using Distance Matrices) exhibited no consistent significant difference of fatty acid content per cell between the two treatment groups (control and grazing) among all strains (for all online suppl. material, see www.karger.com/ doi/ 10.1159/000488839, Suppl. Table 1 ). Yet, strain-specifically, contents of different fatty acids were significantly altered by simulated grazing pressure. As showed (see online suppl. material) in Suppl. Table 1 , from Kruskal-Wallis rank sum tests between the two treatment groups (control and grazing), of polyunsaturated fatty acids (PUFAs), four strains -9L sets and 150mL sets of CCAP 1055/1, CCAP 632, CCAP 2558 and CCAP 2560 -each contained one, four, four, four and two significant changes of fatty acid content per cell respectively, while only 150mL sets of CCAP 1055/1 exhibited significant change of total PUFA content per cell. With particular regard to ecologically important essential PUFAs -alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 150 mL sets of CCAP 1055/1 showed significant changes in ALA content, and CCAP 2558 showed significant changes in EPA content. In saturated fatty acid (SFA), five strains -150 mL Sets of CCAP 1055/1, CCAP 632, CCAP 2558, CCAP 2560 and MACC B228 -each exhibited significant responses in contents of four, three, six, two and two in fatty acids per cell, respectively. Regarding total SFA content per cell, 150 mL sets of CCAP 1055/1 and CCAP 2558 showed significant changes. Upon Total Fatty Acid (TFA), only CCAP 632 showed significant responses in both 18:1n9t and total TFA content per cell. Upon mono-unsaturated fatty acids (MUFA), three strains -CCAP 632, CCAP 2558 and MACC B228 -each showed significant responses in one, two and two fatty acid per cell separately, and only MACC B228 showed significant changes in total MUFA content per cell in response to simulated grazing. In CCAP 2557, no fatty acid showed a significant response to simulated grazing pressure (see online suppl. material, Suppl. Table 1 , Fig. 4 ). There are four patterns in grazing-induced changes in diatom culture fatty acid contents, highlighted by significantly different FA contents per cell between treatment groups: 1, most fatty acid contents in the grazing groups 
decreased compared to those in the control groups. 2, the variances of the fatty acids contents converged in grazing groups compared against the control group. Ggrazing groups of all strains showed smaller variances than the control group among most fatty acids (Fig. 4) . 3, among different fatty acid groups, the significant differences between the two treatment groups showed strain-specific patterns for both single fatty acid and total fatty acid amounts (see online suppl. material, Suppl. Table 1 ). 4, in strain CCAP 1055/1, contrasting responses of other tested P. tricornutum strains, most fatty acids (of which contents are obviously above average) had significantly higher cell contents in the control group than in the grazing group (see online suppl. material, Suppl. Table 1 , Fig. 4 ). Linear discriminant analysis (LDA) on the combined data of the contents in each fatty acid, depicted pronounced and strainspecific responses to grazing. The proportions of explained variances were 72.92%, 13.46%, 4.93% 3.63%, 2.06%, 1.09%, 0.77%, 0.51%, 0.26%, 0.14%, 0.11%, 0.08%, 0.04% for each discriminant. Coefficients of linear discriminants are provided (see online suppl. material) in Suppl. Table 2 . The projections of each fatty acid proportion on first two linear discriminants (LDs) are shown in Fig. 5 . LDA clearly discriminated the treatment groups within the responses of each P. tricornutum strain, and the differences in FA composition between strains clearly, as shown by the decision boundaries and data ellipses (95% confidence interval) (Fig. 5) . For all strains, except 150 mL treatments of CCAP 1055/1, the first discriminant distinguished both strains and treatment groups significantly, and the second discriminant distinguished only strains significantly. These assessments are substantiated by two-way ANOVA on LDA results (see online suppl. material, Suppl. Table 3 ). The fatty acid compositions exhibited in 9L sets of CCAP 1055/1 and CCAP 632 had most different Table 4 ).
The correlations between samples were calculated based on fragments per kilobase of exon per million mapped reads (FPKM). The results showed strong correlations within the same treatment group, but weak correlation between different treatment groups, grazing and control (Fig. 6) . Differentially expressed genes (DEGs) between each pair of treatments (grazing and respective control) were calculated by a modified test based on Poisson distribution with BGI developed method. 1179, 1370 and 1198 significantly differential expressed genes were found in treatment pairs of control 1 vs grazing 1, Table 5 ). Cluster analyses results showed up-and down-regulation districted expression patterns among three paired treatment groups with the cut off value of 50 on the hierarchical cluster tree (Fig. 7) . The gene ontology annotations of up-and down-regulated genes are shown (see online suppl. material) in Suppl. Fig. 1 . Pathway enrichment analyses highlighted 31 enriched pathways with hypergeometric test P-value < 0.05 and FDR (Benjamini and Hochberg method [63] ) < 0.05 (Fig. 8 , see online suppl. material, Suppl. Table 6 ).
In the plant-pathogen interaction pathway, seven nodes on the PAMP (pathogenassociated molecular pattern) -triggered immunity path were down-regulated which might trigger the reduced defense-related gene induction, reduce HR (hypersensitive response) and reduce cell wall reinforcement (Fig. 9a) : two nodes on the fungal PAMP path involved in CDPK and Rboh-mediated ROS production; three as the bacterial flagellin perception and receptor kinase FLS2 and MEKK1; one as glycerol kinase involved in phytoalexin accumulation miRNA production; one as HSP90 leading to HR. Two nodes as Ca 2+ mediated calmodulin and nitric-oxide synthase on NO mediated path to HR and cell wall reinforcement were up-regulated.
In the fatty acids biosynthesis pathway (Fig. 9b) , 10 nodes functioning as 3-oxoacyl-[acylcarrier protein] reductase and acyl-[acyl-carrier-protein] desaturase were down-regulated on the paths to butyryl-, hexanoyl-, octanoyl-, decanoyl-, dodecanoyl-, tetradecanoyl-, hexadecanoyl-, hexadecenoyl-, octadecanoyl-and octadecenoyl- [acp] . Those paths further functions as inhibiting genome replication in S-phase, was down-regulated. Regulation of these two nodes indicated enhanced DNA replication in the S-phase. In the cell cycle pathway (Fig. 9d) , four down-regulated nodes (Glc7, APC/C, Cdc20) originally functioning as inhibitors, three up-regulated nodes (Smc3 and Cdc14), two down-regulated nodes (PP2A and Mob1) on paths to spindle disassembly, spore formation, sister chromatid resolution, and homologous chromosome segregation, indicated the boost of mitosis I and II progression and mitotic exit.
Discussion
In this study, we have quantified the effects of simulated grazing pressure on the growth and morphology of different P. tricornutum strains and have associated cell growth changes, and changes in cell nutritional content with changes in gene expression. The results show that P. tricornutum responded significantly both in growth rate and biochemical composition to grazing stress, and responses varied both in type and strength between different strains. Thus, grazing affected both growth and biochemical composition of P. tricornutum depending on strains with notable variability among them.
Strain-specific morphological and cell growth responses of P. tricornutum to grazer presence and related gene-regulation P. tricornutum is considered unique in possessing the morphological plasticity to be able to grow without a rigid cell wall [64] . Previous research suggests that compared to oval cells, which are better adapted to stressful environments because of their capability to adhere and glide on surfaces, their higher sedimentation rates and rigid cell wall, tri-radiate and fusiform cells seem more adapted to stress-free planktonic environments [6, 65] . Consistent with previous research, our result showed the fusiform and tri-radiate cells in the strains with one dominant morphotype (CCAP 1055/1, CCAP 632 and MACC B228) appeared prone to generate different growth responses to grazing stress (Fig.1, Table 1 ). In our experiment, the fusiform (CCAP 1055/1and CCAP 632) and tri-radiate cells (CCAP 1055/1) showed the significantly increased growth in the grazing treatment group compared to in the control group, while the oval cells showed non-significant differences in growth, indicating the different morphological types follow the same previously found pattern under stress.
Oval cells are considered to represent a key intermediate morphotype. This can convert either to fusiform or tri-radiate or to round cells depending on conditions [6] . This conversion-plasticity view was corroborated with our findings that the oval cells of strain MACC B228 increased significantly under stress, while the fusiform cell abundance remained similar (Table 1 ). This phenomenon is consistent with previous observations, in which [66] the author described the release of oval cells from fusiform cells as a consequence of nuclear transition between conjugated pairs of cells, thus confirming the potential sexual reproduction involved.
The fusiform morphotype classically was claimed the 'normal' form of this diatom [67, 68] , and fusiform and triradiate morphologies possess an organic cell wall without silica [69, 70] . Those characteristics grant a higher morphological plasticity and dominance compared with oval cells [51, 67] . Our study observed that fusiform and triradiate cells within polymorphic strain (CCAP 2558 and CCAP 2560) had the capability of maintaining cell increase unaffected by simulated grazing pressure (Table 1) , which hints at the possibility that morphological plasticity may act through buffering population growth from grazing impacts.
These complementary responses of biovolume (Table 2 ) against cell growth changes were further supported by the significant biovolume changes in our experiment. Previous grazing effect assessments operated on whole-habitat food web contexts [71] , and ecotoxicological stress changes [72] showed the species-specific responses of phytoplankton at the experimental endpoint. Here, we provided a more comprehensive insight into time-lapsed responses to cues from the grazers on both, different morphotypes and different strains, of P. tricornutum. Among the morphotypes that exhibited significantly different interactions between time and treatment on biovolume, most showed complementary responses for biovolume and cell numbers to grazing, except strain-specific exceptions fusiform cells of 150 mL cultures of CCAP 1055/1 and oval cells of MACC B228. Investigated strain-9L sets of CCAP 1055/1-of P. tricornutum also showed transcriptomic responses to grazing cues, with significantly up-and down-regulated genes associated with pathways that are linked to the detected morphological and biochemical responses.
In the cell-cycle pathway (Fig. 9d ) and in the meiosis pathway (Fig. 9c) , Cdc6 has been proved functioning as G1 origin licensing crucial for proper S-phase DNA replication while depletion of Cdc6 could total block cells G1to S transition [73, 74] . Cdc6 binds to the replication origins first so that MCM proteins can bind [75] . Polyploid megakaryocytes show pronounced down regulation of MCM7 which goes through nonsense mediated decay (NMD) while its intronic miRNAs miR-106b-25 cluster is up-regulated [76] . Our results showed the up-regulated Cdc 6 with down-regulated MCM7 in the P. tricornutum cells in the grazing group indicate active replication of DNA response to the presence of grazing signals.
The Anaphase Promoting Complex/Cyclosome (APC/C), a large multi-subunit E3 ubiquitin ligase, triggers ubiquitin-mediated degredation of cell-cycle regulators through the addition of a polyubiquitin chain onto the target protein [77] . Cdc20 is a co-activator which APC/C depends on to bind destruction motifs in its substrates [78] . Phosphorylation of Cdc20 by cyclin A2-Cdk2 is required to repress APC/C-Cdc20 degradation activity in interphase to accumulate cyclins and hereby ensure efficient mitotic entry [79] . APC/C and Cdc20 were down-regulated in P. tricornutum in grazing treatments in this study, providing a window for accumulation of cyclins and thus facilitate mitotic entry. Structural Maintenance of Chromosome 3 protein (SMC3), as part of the cohesion complex that holds the sister chromatids together, participates in DNA-repair and recombination and microtubule-mediated intracellular transport. A previous study on human cells showed the increased cell growth rate and activation of rasrho/GTPase and cAMP pathways following SMC3 over expression [80] . Brn1 is a condensin subunit nuclear protein with a non-uniform distribution pattern, and its level is up-regulated at mitosis [81] . The SMC3 and Brn1which were up-regulated in P. tricornutum showed relevance in the pathway of mitosis leading to chromosome segregation, and in the context of increased growth rates, thus further providing SMC3 and Brn1 regulation profiles in a marine food web grazing scenario.
In budding yeast Saccharomyces cerevisiae, after anaphase, exit from mitosis requires the down-regulation of high mitotic cyclin-dependent kinase (Cdk) activity [82] . For this purpose, first, once anaphase begins, the sister chromatid-separating protease separase is activated and interacts with and down-regulates PP2A/Cdc55. Thus facilitating Cdkdependent Net1 phosphorylation [82] . Cdk and Polo-dependent phosphorylation of Net1 release active Cdc14-the Cdk counteracting phosphatase Cdc14 which is inhibited by Net1 in metaphase [83] . Cdc14 down-regulates Cdk by dephosphorylating Cdh-a second APC activatory subunit that sustains APC activity at low Cdk levels, and dephosphorylates the Cdk inhibitor Sic1 [84] . Cdc14 pool is involved in several procedures -including those of making the metaphase-to-anaphase transition more abrupt, anaphase spindle stabilization, mitotic exit network (MEN) activation and mitotic exit -by reversing phosphorylation of cyclin-dependent kinase 1 (Cdk1) sites [85, 86] . Therefore, the down-regulation of PP2A, the up-regulation of Cdc14 and Cdh1 detected in this study may promote the mitotic exit and thus corroborate the higher growth rate of strain CCAP 1055/1 P. tricornutum in the grazing treatment group. Mob1 genes primarily participate in cell cycle progression and mitosis exit in eucaryotes. Previous research showed RNAi silenced Mob1-like gene (At5g45550) from Arabidopsis thaliana induced a reduced radial expansion of the inflorescence stem, a reduced elongation zone of the primary root and a reduction in cell size [87] . These previous findings illuminate our observed significant changes of P. tricornutum biovolume with time and treatment interaction in the context of down-regulation of Mob1 in oval cells of 9L sets of CCAP 1055/1 in this study.
Strain-specific chemical responses of P. tricornutum to grazer presence and related generegulation
The plant-animal interface in the food-web has been colloquially depicted as most dynamic and unique in its degree of heterogeneity [88] . Biochemical food quality, such as the phytoplankton cell quotas or intracellular storage, and internal nutrient reserves, was considered more important for the grazers. For instance, organisms with high quota flexibility can minimize the decrease in growth rate while species with rigid resource requirements (i.e., low quota flexibility) suffer decreases in growth rate [89] . In this study, the content change of each fatty acid among the strains suggested the heterogeneity of biochemical food quality would be a result of either a regulation from grazer's cue or an anti-grazing response from phytoplankton strains, since the diatom and its grazer had no physical contact in the experiment. Previous investigation of grazing impacts indicated that lipid depletion happened instantly after the cell disruption [90] [91] [92] . The grazing activity could drastically change the lipid and fatty acid content-especially the PUFAs which linked to the production of PUFA-derived polyunsaturated aldehydes (PUA) [90] . In addition, the PUAs were considered involved in the chemical defense of the algae in a way for example, decreased zooplankton egg-hatching success and offspring survival [40, 93] . In our study, we could observe a common strategy adopted by P. tricornutum cells -reduction of total content and content variation in fatty acids to respond to grazing stress (Fig. 4) . These responses of fatty acid in P. tricornutum provide a broader vision of the plant-animal trophic interface as the change of nutritional quality of phytoplankton diets could either be regulated by or actively booted against zooplanktonic herbivores chemical cues other than feeding-caused cell disruption. The significantly decreased total PUFA content in 150 mL sets of strain CCAP 1055/1 (Fig. 4 , see online suppl. material, Suppl. Table 1 ) indicated the fatty acid depletion could also be induced by the chemical cue from feeding activity in vivo rather than by direct exposure of the fatty acid to the enzymes. In contrast to previous findings [90] when only PUFA depletion was detected after cell disruption, in our study, SFA, TFA and MUFA also exhibited significant decreases of both single fatty acids and total fatty acid content in the grazing group compared to the control group. This pattern disparity implies different mechanisms involved in fatty acid depletion, which were induced by chemical cues or cell disruption.
In the fatty acid biosynthesis pathway (Fig. 9b) , fabG (3-oxoacyl-ACP reductase) catalyzes the NADPH-dependent reduction of beta-ketoacyl-ACP substrates to beta-hydroxyacyl-ACP products, in the elongation cycle of fatty acid biosynthesis [94] . In a previous study, Brassica napus was transformed with fabG in anti-sense orientation, leading to 90% reduction in fatty acid synthesized per plant [95] . In this study, the down-regulation of the fabG gene, EC 1.14.19.2 (stearoyl-[acyl-carrier-protein] 9-desaturase) revealed the reduction of content and content variation of the fatty acids per cell (Fig. 4) on a gene expression level and exhibited the nutritional regulation of P. tricornutum responding to the presence of grazing cues.
Other transcriptomic responses of P. tricornutum strain CCAP 1055/1 GLC7-encoding protein phosphatase-1 (PP1)-with a highly conserved amino acid sequence controls many processes in all eukaryotic cells, such as negative and positive effects on the production of mature, processed, cytoplasmic mRNA and snoRNA [96] . Downregulation of GLC7 is required for cell viability in a recessive gfa1 mutant while GFA1 encodes glutamine-fructose-6-phosphate amidotransferase which is essential for cell wall synthesis [97] . GLC7 was down-regulated in our study, combined with the down-regulation of CDPK and Rboh in the plant-pathogen interaction pathway, which further leads to the attenuation of cell wall reinforcement. The down-regulation of GLC7 represents its profile as being coregulated with cell wall attenuation in grazing responses in this study.
In the plant-pathogen interaction pathways (Fig. 9a) , synthesis of reactive oxygen species (ROS) and Ca 2+ concentration change triggers numerous signaling actions in the network plants deploy for appropriate defenses against herbivory [98] . Calcium-dependent protein kinases (CDPKs) which possess calmodulin-like calcium sensor and protein kinase effector domain take NADPH oxidases -which are integral membrane proteins encoded by the respiratory burst oxidase homolog (RBOH) gene family-as its phosphorylation target in pathogen-associated molecular patterns (PAMPs) [99] . RBOH proteins provide enzymatic systems for ROS production in plants. Previous quantitative phosphoproteomic analysis showed phosphorylation of RBOHD is critical in RBOHD-dependent ROS production [100] . The MAPK pathways act in parallel to CDPK involved pathway in PAMPs. In MAPK pathways, FLS2 is a leucine-rich repeat receptor kinase (LRR-RK) and a receptor for the bacterial PAMP flagellin or its active epitope -peptide flg22 [101, 102] . Flg22 treatment can inhibit Arabidopsis seedling development [103] . FLS2 activation further activates the MEKKMKK4/5-MPK3/6 and MEKK1-MKK1/2-MPK4 in MAP kinase pathways, and further WRKY transcription factors WRKY22/29 and WRKY25/33 before triggering transcription of defense-related genes [104] . A study on the phytohormone ethylene showed a mutation of the key ethylene-signaling protein EIN2 inhibited all FLS2-mediated responses, correlating with reduced FLS2 transcription and protein accumulation [105] . EIN2 activity controls the EIN3 and EIN3-like transcription factors, which controls FLS2 expression [105] . The nonhost resistance gene NHO1-encoding a glycerol kinase-is required for multi-resistance-such as anti-bacteria, anti-fungal responses, and others [106, 107] . HSP90, normally functioning as a molecular chaperone participates disease-resistance in Arabidopsis. CDPK, Rboh, FLS2, MEKK1 genes-which lead to ROS production-and NHO1and HSP90-which lead to disease resistance-are down-regulated in this study. This regulation pattern suggests a grazerdominated top-down regulation prevailing on a gene expression level, which will result in attenuation of hypersensitive response in P. tricornutum and hence reduce the chance of programmed cell death (PCD), which will provide a more abundant food source for the herbivore. Nitric oxide (NO) is also considered as a signal to defend plant from invaders [108, 109] . Influx of extracellular Ca 2+ can trigger the NO production through CNGCs (Cyclic Nucleotides-Gated ion Channel), CaM (calmodulin), nitric oxide synthase (NOS) [110] . In this study, CaM, NOS was up-regulated leading to enhanced HR and cell wall reinforcement [111] . Hence, the different regulation patterns -the up-regulation of CaM, NOS (the NO signaling pathway genes) versus the down-regulation of CDPK, Rboh, FLS2, MEKK1 (ROS pathway genes) and NHO1and HSP90 -indicate a battle in gene expression between different signaling paths and between the benefits of the herbivore and the phytoplankton.
Conclusion
Our findings have shown strain-specific morphological, growth, and biochemical responses to grazer presence in the ubiquitous diatom P. tricornutum, and the studied strain CCAP 1055/1 illustrated that such responses can be mediated on a transcriptomic basis. Resulting grazing-induced effects may well alter prey edibility and prey availability to diatom grazers in natural plankton communities, and we argue that the extent of grazing pressure should be a biotic factor to be regularly considered when predicting algal growth in plankton communities under other environmental stressors, such as warming, ocean acidification, and/or hypoxia. The biochemical responses of P. tricornutum to grazer presence also show strain-specificity in direction of impact on biochemical nutrient quality, indicating grazerinduced increase in essential nutrient content in some strains, and a decrease in others. We suggest that the latter may represent strains which under natural conditions would be ahead in the predator-prey arms race with copepod grazers such as A. tonsa, while for the former scenario, copepod grazers would be able to manipulate cell biochemical responses in the grazers' favour. This raises the question, which environmental configurations select for grazers or algal prey respectively to be ahead in this predator-prey arms race.
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